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Abstract

Anti-CD47 antibodies targeting macrophage immune checkpoints have demonstrated benefit in clinical trials, particularly
in combination with targeted therapies. Nevertheless, this strategy faces challenges from suboptimal efficacy and on-target
toxicity due to an immunosuppressive tumor microenvironment and ubiquitous CD47 expression. Here, we report a novel
oncolytic vaccine virus (OVV) that expresses therapeutic transgenes encoding an anti-mouse CD47 nanobody or an anti-hu-
man CD47 nanobody fused with the IgG1 Fc fragment (termed OVV-mCD47nb and OVV-hCD47nb-G1, respectively), and show
that anti-CD47 nanobodies secreted by lymphoma cells infected with armed OVV enhanced tumor phagocytosis via block-
ade of the CD47/SIRPa signal pathway. In an implanted subcutaneous lymphoma mouse model, OVV-mCD47nb demonstrat-
ed superior therapeutic efficacy and significantly prolonged survival of tumor-bearing mice when compared to its parental
OVV, an effect which might be associated with the recruitment and activation of macrophages, natural killer cells, and T
cells within the tumor microenvironment. Importantly, we discovered that the specific binding of secreted hCD47nb-G1 to
CD47 enhanced macrophage-mediated tumor cell phagocytosis while sparing red blood cells. OVV-hCD47nb-G1 demon-
strated superior antitumor efficacy compared to the anti-CD47 antibody HU5F9 in lymphoma models. Both intratumoral and
intraperitoneal administration of OVV-hCD47nb-G1 achieved significant tumor regression and prolonged survival, potential-
ly through tumor microenvironment reprogramming via enhanced immune cell activation. Notably, combination with CD19
chimeric antigen receptor T cells synergistically improved therapeutic outcomes in subcutaneous lymphomas by overcom-
ing the critical barrier of limited chimeric antigen receptor T-cell infiltration. Our findings establish that arming OVV with a
CD47-blocking nanobody and IgG1 Fc creates a dual-functional therapeutic platform, offering a paradigm-shifting strategy
for lymphoma immunotherapy through coordinated innate and adaptive immune activation.

Introduction

Diffuse large B-cell lymphoma (DLBCL) is the most com-
mon subtype of non-Hodgkin lymphoma.' Patients with
relapsed/refractory DLBCL face dismal outcomes, with a
median overall survival of 6.3 months after conventional
treatments.? Recently, chimeric antigen receptor (CAR)

T-cell therapy, one of the most successful cell therapies,
demonstrated substantial efficacy in DLBCL patients.
However, the majority of patients relapsed even after
achieving remission or became refractory to treatment.>-®
Therefore, there still exists a highly unmet need for a novel
therapeutic strategy.

The field of immunotherapies is evolving rapidly and has
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significantly impacted outcomes in lymphoma. However,
immunotherapy studies on lymphomas often target im-
mune checkpoints related to adoptive immunity.® Innate
immune checkpoints, such as the CD47/signal regulato-
ry protein a (SIRPa) pathway, also play a critical role in
tumor-mediated immune escape, thereby representing
potential targets for cancer immunotherapy.” CD47 is up-
regulated in DLBCL and is strongly associated with tumor
progression, treatment resistance, and adverse clinical
outcomes.®" Targeting the CD47/SIRPa axis using block-
ing antibodies is currently under investigation in clinical
trials across several hematologic tumors.”™ In relapsed/
refractory DLBCL, the CD47-blocking antibody HU5F9-G4
(magrolimab) combined with rituximab is demonstrat-
ing promising efficacy, however, significant challenges
persist, including treatment-related toxicities and the
immunosuppressive tumor microenvironment that limits
therapeutic responses.”?”

Recent advancements in innovative strategies — such as
structural optimization of anti-CD47 antibodies, localized
intratumoral delivery systems, and novel combination
therapies — have significantly improved the safety, efficacy,
and clinical applicability of CD47-targeted therapies.>"™
Oncolytic viruses selectively target malignant cells, en-
hance antigen presentation, activate antitumor immune
responses, and reprogram the immunosuppressive tumor
microenvironment.'®® Furthermore, oncolytic viruses have
been validated as versatile delivery platforms capable of
tumor-specific payload transport, thereby amplifying local
immune activation while minimizing systemic toxicity.'®'®-
In this study, we engineered a novel oncolytic vaccine vi-
rus (OVV) for DLBCL therapy by arming oncolytic viruses
with either anti-mouse CD47 nanobody (OVV-mCD47nb)
or an anti-human CD47 nanobody fused with the IgG1 Fc
fragment (OVV-hCD47nb-G1) for preclinical evaluation.
Anti-CD47 nanobodies secreted by lymphoma cells infect-
ed with armed OVV enhanced tumor phagocytosis. In a
subcutaneous lymphoma mouse model, compared to its
parental OVV, OVV-mCD47nb significantly prolonged surviv-
al of tumor-bearing mice, which might be associated with
the recruitment and activation of macrophages, natural
killer (NK) cells, and T cells. Specifically, we discovered
that the binding of secreted hCD47nb-G1to CD47 enhanced
macrophage-mediated tumor cell phagocytosis while spar-
ing red blood cells. Administration of OVV-hCD47nb-G1
via intratumoral or intraperitoneal routes demonstrated
potent antitumor efficacy in lymphoma models, signifi-
cantly suppressing tumor burden and extending overall
survival. Moreover, combination with CD19 CAR T cells
synergistically improved therapeutic outcomes in subcu-
taneous lymphomas by overcoming the critical barrier of
limited CAR T-cell infiltration. These findings underscore
its potential as a novel combinatorial immunotherapy
that synergizes oncolytic activity with CD47 blockade to
enhance macrophage-mediated phagocytosis.
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Methods

Preparation of the recombinant oncolytic viruses

The control OVV was described previously.?’ A DNA fragment
encoding mouse anti-CD47 nanobody was synthesized
(GenScript, Nanjing, China) and subcloned into the shuttle
plasmid pVV-Control, creating the recombinant plasmid
pVV-mCD47nb. This vector contains a synthesized early/later
promoter (pse/L) that drives the expression of mCD47nb,
a p7.5K early/later promoter that drives the expression of
enhanced green fluorescent protein (reporter gene), and
guanine-hypoxanthine phosphoribosyl transferase (screen-
ing gene). Western reserve strain of vaccinia virus (WR-VV;
Cat# VR-1354; ATCC) was used as a backbone virus to gen-
erate the VV thymidine kinase gene deletion mutants via
homologous recombination.

To synthesize human CD47 nanobody, a phage display library
of variable heavy-chain domain of heavy-chain antibody
phages was developed by quantitative reverse transcription
polymerase chain reaction from mRNA isolated from the
peripheral blood lymphocytes of a vaccinated alpaca. The
human CD47 antigen-specific nanobodies were screened
by enzyme-linked immunosorbent assays. Then the nano-
body sequence was cloned in the pVV-Control vector. Virus
propagation and titration were performed using HeLa-S3
and HEK293 cells, respectively.

Animal experiments

All animal studies were approved by the Ethics Committee
for Animal Experimentation of the Second Affiliated Hospital
of Zhejiang University. Female, 8-week-old, BALB/C mice,
NOD/ShiLtGpt-Prkdcem26eds2||2rgem26cd22/Gpt (NSG) mice and
CB17.SCID (SCID) mice were used in this study. A20 cells
(5%10°%) were subcutaneously injected into the right flank
of BALB/C mice, and tumor size was measured. The tumor
volume was calculated as follows: length x width? x 0.5.
When the tumor volume reached approximately 100 mm?,
mice were randomly assigned to receive phosphate-buffered
saline (PBS), OVV, or OVV-mCD47nb. To assess immune cell
infiltration and bystander effects during virotherapy, Raji
cells were injected into the right flank of SCID and NSG
mice. After 5 days, when tumors reached ~75 mm?, Raji cells
were also injected into the left flank of SCID mice. These
mice received weekly intratumoral injections of PBS, OVV,
and OVV-hCD47nb-G1 (1x108 plaque-forming units [PFU]) for
3 weeks. Tumors were collected for analysis 48 hours after
the second treatment, and blood samples were taken after
the third treatment. NSG mice received 1x10” CD19 CAR T
cells intravenously following one intratumoral injection of
the OVV-hCD47nb-G1.

We established a systemic tumor model using NSG mice
via intravenous injection of 1x10° luciferase-expressing Raji
cells (Raji-luc). On day 5, mice received intraperitoneal
injections of PBS, OVV, and OVV-hCD47nb-G1 (1x107 PFU)
and Hu5F9-G4 (200 ug per mouse daily for 1 week). Tumor
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growth was monitored by bioluminescence imaging using
an IVIS Lumina XRMS Imaging System (PerkinElmer). After 2
days of treatment, peripheral blood and plasma were col-
lected to measure chemokine levels using Luminex Mouse
Cytokine 31-plex (Univ-bio, Shanghai, China).

Statistical analysis

GraphPad Prism (GraphPad Software 8.3.0, Inc.) was used
for statistical analysis. Continuous data are given as means
* standard deviation and were compared through unpaired
two-tailed Student’s t tests and analysis of variance. The
survival curve was determined by the Kaplan-Meier meth-
od. P values <0.05 are considered statistically significant.
Additional methods used in this study are described in the
Online Supplementary Methods.

Results

High expression of CD47 protein predicts survival of
patients with diffuse large B-cell lymphoma treated
with CD19-specific chimeric antigen receptor T cells,
but not of those treated with immunochemotherapy
CDA47 transcript and protein expression are aberrantly
upregulated, an effect that was predictive of survival and
refractoriness to treatment in DLBCL.5™" In this study, we
performed immunohistochemical assays including CD47,
CD20, and CD3 in newly diagnosed or relapsed/refractory
DLBCL patients who received CD19-specific CAR T-cell
treatment (for the patients’ characteristics, see Online
Supplementary Table S7). CD47 staining intensity of tumor
cells was classified into five levels, comprising 0, nega-
tive; 1, faint; 2, weak; 3, intermediate; 4, strong. Patients
who scored 0 to 2 were classified as CD47-low, and those
scored 3 to 4 as CD47-high (Figure 1A). In survival analyses
of newly diagnosed DLBCL patients treated with immu-
nochemotherapy, no statistically significant difference in
overall survival was observed between the CD47-high and
CD47-low subgroups (Figure 1B). Interestingly, compared
with CD47-high expression, CD47-low expression was sig-
nificantly correlated with longer overall survival in relapsed/
refractory DLBCL patients (median overall survival of 10
months vs. not reached; P<0.001).

To evaluate the prognostic impact of CD47 expression in
germinal center B-cell (N=25) and non-germinal center
B-cell (N=42) DLBCL subtypes, we compared overall survival
between the CD47-high and CD47-low subgroups. Among
patients with the non-germinal center B-cell subtype, CD47-
high patients exhibited significantly inferior overall survival
compared to their CD47-low counterparts (P=0.022). A trend
toward inferior overall survival was observed in CD47-high
patients, although statistical significance was not reached
(Figure 1C). In the cohort that achieved a complete response,
CD47-high remained an independent predictor of reduced
overall survival (P=0.004), whereas among patients who
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did not have a complete response no survival difference
was seen between CD47 expression subgroups (Figure 1D).

Anti-mouse CD47 nanobody expression does not impair
the oncolytic activity of the oncolytic vaccine virus and
enables phagocytosis of lymphoma cells

A recombinant OVV-mCD47nb, encoding an anti-mouse
CD47 nanobody, was generated (Figure 2A). To assess the
impact of the mCD47nb transgene on viral infectivity, we
treated A20 cells, which were demonstrated to express a
high level of CD47 (Online Supplementary Figure S1A), with
OVV-mCD47nb or its parental OVV. No significant difference
in viral infection was observed (Figure 2B). Additionally,
OVV-mCD47nb had similar in vitro antilymphoma activity
compared to control OVV (Figure 2C). These results are
consistent with our previous findings,?" indicating that the
insertion of therapeutic genes does not affect the infective
and oncolytic ability of OV\V.

To investigate the functionality of secreted mCD47nb pro-
tein, we purified it from the supernatants of OVV-mCD-
47nb-infected A20 cells. We exposed A20 to the purified
mMCD47nb at different concentrations for 30 minutes and
measured mCD47nb binding on the surface of A20 cells
using an anti-Flag antibody conjugated with APC. Dose-de-
pendent increased binding of mMCD47nb was observed
(Figure 2D). Then A20 cells were used as target cells and
labeled with CellTracker Green CMFDA in order to evaluate
induction of potent macrophage-mediated phagocytosis of
lymphoma. The phagocytic activity of murine bone mar-
row-derived macrophages was measured by counting the
number of ingested cells using fluorescence-activated cell
sorting. Notably, mCD47nb enabled phagocytosis of A20
cells compared to PBS control and the supernatants of
OVV (Figure 2E). We also observed that mCD47nb-treated
macrophages had upregulated mRNA expression of /[-1f,
Il-6, 1110, and Nos2 (Figure 2F), which are associated with
the activation of M1 macrophages.?>2*

OVV-mCD47nb induces enhanced antitumor activity in a
xenograft lymphoma mouse model via remodeling of the
tumor microenvironment

We next evaluated the in vivo antitumor efficacy of OVV-mCD-
47nb in BALB/c mice, a suitable species for studying immune
cells within tumors, bearing subcutaneous A20 lymphoma
xenografts. Mice with established tumors (mean volume:
100 mm?3) received six doses of OVV or OVV-mCD47nb.
OVV-mCD47nb significantly delayed tumor progression
and prolonged the survival of mice, which had a median
survival time of 64 days (Figure 3A, B). These results in-
dicate the superior treatment efficacy of OVV-mCD47nb
over OVV therapy.

We next moved forward to detect the binding mCD47nb on
tumor cells obtained from the mice treated with OVV-mCD-
47nb, demonstrating the presence of binding mCD47nb on
tumor cells (Figure 3C). We then analyzed tumor-infiltrating

Haematologica | 110 September 2025
2115



ARTICLE - OVV-anti-CD47 enhances antitumor immunity in lymphoma M. Li et al.

ND DLBCL group R/R DLBCL group

(_;5 CDA47 score +High + Low '(_g CD47 score +High+ Low
> 1.00 & 21.004 4,
Score 0 C?) 0.75 b e = *j— T a 0.75 17_|L\_| sk et
T0.50 ©0.50 -4
20251 p=gs562 20251 ph oot
O 0.00 ©0.00 ! —
0 5 10152025303540 0 10 20 30 40 50 60 70
V ) Time(months) o Time(months)
: S o}
Score 1 3 Number at risk @ Number at risk
~Highy12119 5 3 10 '\“mwi 14 8 3 2 2 2 0
DLow191912733220 2 Lo 22181513111160
o 0 5 10152025303540 o 0 10 20 30 40 50 60 70
Time(months) Time(months)
Score 2 c
GCB group non-GCB group
T CDA47 score +High + Low = CD47 score +High+ Low
> >
=1.00 |
#0.75 ‘%‘T&j B ey I S T
s T o 50 _ _[“ R O =TT
Score 3 % 0'25 Sl 1 _
> V- [
S (.00 |P=0,051 |
0 10 20 30 40 50 60 70 0 10 20 3040 5060 70
& Time(months) o Time(months)
§ Number at risk § Number at risk
~' Highy7z 4 2 1. 0 0 0 O Highy19 13 4 2 2 2 1 0
Score 4 - ng'v\]/ 1813 7 5 3 3 3 0 S chilvi 2317 1110 8 8 3 0
ke ‘ 8 0 10 20 30 40 50 60 70 8 0 10 20 3040 5060 70
b Time(months) Time(months)
ch20s 2 icD3 &
40 — CD47 Low CDA47 High D
= | nCR group CR group
Py 31 o CDA47 score +High + Low [S CD47 score +High+ Low
3 30 | S =
© 124 S 100 T“’J:%H-u- -+ 4 e b
O : £0.75 R
o 20 | £ 0.50 b
o) I - ‘ i > 025 -
£ 10- 9 ! O 0.00 |P=0.93 — 000 "7
< 3 :’ 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
g e 1 o Time(months) o Time(months)
T T T 1 o o
01 2 3 4 8 Number at risk 8 Number at risk
Stain score Highj16 9 4 2 2 2 1 0
ELO 177 3 10000 E‘L“' 24 93 7514 1191 8 0
O 0 10 20 30 40 50 60 70 o 0 10 20 30 40 50 60 70

Time(months) Time(months)
Figure 1. Protein expression of CD47 in patients with diffuse large B-cell lymphoma was associated with survival. (A) Top panel.
Representative immunohistochemical staining of CD47 protein in tumors of patients with diffuse large B-cell lymphoma. Scale
bars, 50 um. Bottom panel. The levels of CD47 protein expression on the tissue array were classified into CD47-Low (scored as
0~2) and CD47-High (scored as 3~4). (B) Comparison of overall survival between CD47-Low and CD47-High subgroups in patients
with newly diagnosed and relapsed/refractory diffuse large B-cell lymphoma. (C) Comparison of overall survival between CD47-
Low and CD47-High subgroups in patients with germinal center B-cell lymphoma and the non-germinal center B-cell lymphoma
subtype. (D) Comparison of overall survival between CD47-Low and CD47-High subgroups in patients in complete remission and
in those not in complete remission. HE: hematoxylin and eosin staining; ND: newly diagnosed; DLBCL: diffuse large B-cell lym-
phoma; R/R: relapsed/refractory; GCB: germinal center B-cell; nCR: non-complete remission; CR: complete remission.
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Figure 2. Construction and oncolytic properties of OVV-mCD47nb in vitro. (A) Schematic structure representation of OVV-mCD47nb,
a novel oncolytic vaccine virus (OVV) that expresses transgenes encoding the anti-mouse CD47 nanobody (mCD47nb). Variable
heavy-chain domain of heavy-chain antibody domain of anti-mouse CD47 followed by the Flag tag was inserted into the vaccinia
virus thymidine kinase gene. (B) Viral infection of OVV-mCD47nb. A20 cells were infected with OVV or OVV-mCD47nb at a multi-
plicity of infection of 0.5, 1, 2, and 4 for 48 hours. Cells were harvested and analyzed by flow cytometry and the percentage of
EGFP* cells was determined. (C) Cytotoxicity of OVV-mCD47nb and OVV. A20 cells were infected with serial dilutions of oncolytic
viruses. Cell viability was measured at 72 hours after infection. (D) Binding ability of mCD47nb to CD47. A20 cells (1x10°%) were co-in-
cubated with variable concentrations of mCD47nb for 30 minutes at room temperature; after washing the cells with phosphate-buff-
ered saline once, they were incubated with APC anti-Flag antibody for 30 minutes followed by flow cytometry analysis. (E) Exam-
ination of the effect of mMCD47nb purified from oncolytic virus-infected cells on phagocytosis. Bone marrow-derived macrophages
stained with red CMTPX were co-cultured with tumor cells stained with green CMFDA. Then CMTPX*CMFDA" cells were determined
by flow cytometry. (F) The mRNA levels of cytokines of bone marrow-derived macrophages were determined by quantitative reverse
transcription polymerase chain reaction. OVV: oncolytic vaccine virus; ITR: inverted terminal repeat; TKL: thymidine kinase left
homology arm; TKR: thymidine kinase right homology arm; VHH: variable heavy-chain domain of heavy-chain antibody; TK: thymi-
dine kinase; pse/L: synthesized early/later promoter; GPT: guanine-hypoxanthine phosphoribosyl transferase; EGFP: enhanced

green fluorescent protein; MOI: multiplicity of infection; PBS: phosphate-buffered saline; NS: not statistically significant.

immune cells 19 days after the first treatment. Increased
infiltration of CD45* immune cells, including elevated pro-
portions of T cells, NK cells, and macrophages, was observed
in both the OVV-mCD47nb and OVV treatment groups (Figure
3D). Analyses of T-cell subsets and macrophage polariza-
tion in tumor tissues demonstrated that OVV-mCD47nb
reduced CD4* T-cell infiltration while enhancing CD8* T-cell
accumulation. Both OVV-mCD47nb and OVV induced an
increase in the number of central memory T cells. Notably,
compared to control PBS treatment, both OVV-mCD47nb
and OVV treatment significantly increased M1 macrophage
infiltration while reducing M2 macrophage accumulation
(immunosuppressive/pro-tumor) in tumor tissues (Figure
3E). We further analyzed the activation of immune cells
within tumor tissues. As expected, OVV-mCD47nb or OVV
intratumoral injection resulted in a significant increase in
the percentage of CD69* NK cells and upregulation of ex-
pression of IFN-y in both T cells and NK cells (Figure 3F).

Generation and characterization of an armed oncolytic
vaccine virus expressing an anti-human CD47 nanobody
To investigate whether this immunovirotherapy provided a
compelling advantage for clinical translation, a novel OVV
was genetically engineered to express an anti-human CD47
nanobody fused with the IgG1 Fc fragment that enhances
antibody-dependent cell-mediated cytotoxicity (Figure 4A).
Having demonstrated a high expression of CD47 on four kinds
of human B-cell lymphoma cell lines (Online Supplementary
Figure S1B), we evaluated the infectivity and oncolytic potential
of OVV-hCD47nb-G1and OVV. No difference in viral infectivity
was observed, indicating that the insertion of the hCD47nb-G1
gene did not interfere with infection. Both OVV-hCD47nb-G1
and OVV suppressed the viability of all kinds of lymphoma
cells in a dose-dependent manner, which seemed to correlate
with their infectivity (Figure 4B).

A higher level of hCD47nb-G1 proteins was produced and ef-
ficiently released from OVV-hCD47nb-G1-infected lymphoma
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Figure 3. Enhanced antitumor activity
of OVV-mCD47nb was associated with
remodeling of the tumor microenvi-
ronment. Balb/C mice were subcuta-
neously inoculated with 5x10% A20 cells.
When the tumor volume reached ap-
proximately 100 mm?, the mice were
intratumorally administered phos-
phate-buffered saline (PBS), 1x108
plague-forming units of oncolytic vac-
cine virus (OVV) or OVV expressing an
anti-mouse CD47 nanobody (OVV-mCD-
47nb) twice a week for a total of six
times. (A) The left image shows tumors
obtained from the PBS, OVV or
OVV-mCD47nb groups. The graph on
the right shows the average tumor vol-
ume of lymphoma in mice given the
indicated treatments (N=6 for each
group). (B) Survival curves of mice treat-
ed with OVV or OVV-mCD47nb. PBS
was used as a control (N=6 for each
group). (C) On day 19, the tumors were
excised for analysis. The binding of
mMCD47nb on the surface of tumor cells
was detected by flow cytometry using
APC anti-Flag tag antibody (N=3). (D)
The tumor-infiltrating CD45* cells (left)
and immune cell subtypes within the
CD45* cells (right) were quantified by
flow cytometry (N=3). (E) Left panel.
The graph shows the frequency of CD8?,
CD4*, and CD62L*CD44* T cells within
the tumor microenvironment (N=3).
Right panel. Graphical representation
of the change of M1 and M2 macro-
phages in the tumors measured (N=3).
(F) Percentages of CD69* natural killer
cells and levels of interferon-y pro-
duced by CD3* T cells and natural kill-
er cells in the tumors, determined us-
ing flow cytometry (N=3). Comparisons
were made using one-way analysis of
variance with Tukey’s multiple com-
parison tests (A) on day 28, (C, D, E,
and F) on day 19, and the log-rank (Man-
tel-Cox) test (B). All data are shown as
mean * standard deviation. *P<0.05,
**P<0.01, ***P<0.001, ****P<0.0001;
NS: not significant (P>0.05). TCM: cen-
tral memory T cell; NK: natural killer;
IFN-y: interferon-y; M: macrophage.
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hCD47nb-G1 and then viral infection and cytotoxicity were examined by flow cytometry
and a Cell Counting Kit 8 assay, respectively. (C) The activity of hCD47nb-G1
c and Hu5F9-G4 binding to hCD47 on the surface of Raji cells was detected
Hu5F9-G4 by flow cytometry. HU5F9-G4 is a humanized anti-CD47 monoclonal an-

tibody, 18G4 subtype. (D) The activity of hCD47nb-G1 and Hu5F9-G4 bind-
ing to CD47 on the surface of red blood cells was determined by flow
cytometry. (E) Representative images showing the effect of hCD47nb-G1
on red blood cell agglutination, with HUSF9-G4 as controls. The experiment
was performed on three healthy donors. ITR: inverted terminal repeat;
TKL: thymidine kinase left homology arm; TKR: thymidine kinase right
homology arm VHH: variable heavy-chain domain of heavy-chain antibody;
pse/L: synthesized early/later promoter; GPT: guanine-hypoxanthine phos-
phoribosyl transferase; EGFP: enhanced green fluorescent protein; MOI:
multiplicity of infection; PBS: phosphate-buffered saline.
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cells in vitro, as detected by western blot (Online Supple-
mentary Figure S2A). The level of secretion of hCD47nb-G1
exhibited a dose- and time-dependent increase, correlating
with viral dose and culture duration (Online Supplementary
Figure S2B).

To evaluate CD47 targeting, Raji cells were treated with pu-
rified hCD47nb-G1 or HUS5F9-G4. Flow cytometry revealed
dose-dependent reductions in CD47 surface expression and
increased antibody binding (Figure 4C), confirming effective
CD47 engagement.

We next investigated whether hCD47nb-G1 treatment elicited
adverse effects on red blood cells. Interestingly, while both
agents bound CD47 on red blood cells in a dose-dependent
manner (Figure 4D), hCD47nb-G1 avoided hemagglutination,
unlike HU5F9-G4, which induced significant red blood cell
clumping (Figure 4E), aligning with the reported toxicity of
CD47 monoclonal antibodies.?2¢

In vitro activation of macrophages and natural killer cells
mediated by hCD47nb-G1

To investigate the functional activity of hCD47nb-G1 secreted
by OVV-hCD47nb-G1, we generated CD47-knockout (CD47-KO)
Raji cells (Online Supplementary Figure S3A) and confirmed
the lack of hCD47nb-G1 binding to CD47 on these KO tumor
cells (Online Supplementary Figure S3B, C). Greater macro-
phage phagocytosis was observed not only in Raji cells upon
anti-CD47 antibody and OVV-hCD47nb-G1 treatment, but
also in CD47-KO Raji cells (Figure 5A, Online Supplementary
Figure S3D). This effect of hCD47nb-G1 and Hu5F9-G4 was
also demonstrated by confocal fluorescence microscopy
analysis (Figure 5B).

The SIRPa-CDA47 interaction suppresses key engulfment
signals, particularly the SHP1/SHP2 signaling pathway.?"2®
We observed that CD47 KO in Raji cells and hCD47nb-G1
treatment inhibited SIRPa, increased total SHP-1 expression,
and diminished SHP-1 activation. This ultimately led to the
activation of STAT3, a downstream signaling component of
SIRPa, in bone marrow-derived macrophages (Online Sup-
plementary Figure S3E). hCD47nb-G1 treatment upregulated
proinflammatory cytokines (/(6, Il13, Nos2, Ccl2) and /{70 while
downregulating the M2 marker Mrc1in bone marrow-derived
macrophages (Figure 5C).

Given the OVV-induced NK cell infiltration and Fc receptor-me-
diated enhanced antitumor effects of anti-CD47 antibodies,?*2°
we examined NK cell activation by hCD47nb-G1that contained
IgG1 Fc fragment. A clear dose-dependent cytotoxic effect
of NK cells obtained from three donors was validated by a 4
h co-culture in which increasing doses of hCD47nb-G1 were
used (Figure 5D). The treatment significantly enhanced NK
cell secretion of TNF-q, IFN-y, and IL-10, along with increased
CD107a expression indicating degranulation (Figure 5E).

Superior therapeutic benefits and immune cell infiltration
induced by OVV-hCD47nb-G1
We sought to confirm the interaction between these two
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therapeutic platforms. SCID mice bearing bilateral tumors
received PBS, OVV, or OVV-hCD47nb-G1 via intratumoral in-
jection in the right flank when tumors reached approximately
75 mm?® (Figure 6A). While both OVV and OVV-hCD47nb-G1
suppressed ipsilateral tumor growth, only OVV-hCD47nb-G1
induced near-complete regression within 4 weeks. Contra-
lateral tumors showed significant inhibition exclusively in the
OVV-hCD47nb-G1 group (Figure 6B). Importantly, OVV-hCD-
47nb-G1 treatment significantly prolonged the survival of mice
as compared with that of the animals in the PBS control and
OVV treatment groups (Figure 6C), with no treatment-related
weight loss (Figure 6D), or hematologic abnormalities (Online
Supplementary Figure S4A). Correspondingly, elevated hCD-
47nb-G1 transcripts were detected only in OVV-hCD47nb-
G1-treated ipsilateral tumors (Online Supplementary Figure
S$4B). Immunohistochemistry confirmed specific hCD47nb-G1
binding and vaccinia virus A27L protein expression in tumors
of the right flank injected with viruses. Importantly, OVV-hCD-
47nb-G1induced superior NK cell and macrophage infiltration
compared to OVV in both injected (Figure 6E) and non-in-
jected contralateral tumors, despite undetectable A27L and
hCD47nb-G1 in the latter (Figure 6F).

Based on the immune cell infiltration induced by OVV-hCD-
47nb-G1and the critical role of the tumor microenvironment
in resistance to CAR T-cell therapy, we investigated whether
OVV-hCD47nb-G1 could synergize with CAR T cells. For this
purpose, NSG mice bearing subcutaneous Raji lymphoma xe-
nografts were treated with OVV-hCD47nb-G1 via intratumoral
injection, followed by administration of CD19 CAR T cells
(Figure 7A). Tumors in mice treated with CD19 CAR T cells or
the virus alone showed moderate regression, whereas tumors
in the combination therapy group exhibited dramatically
reduced growth (Figure 7B). Three days after viral injection,
tumors from three randomly selected mice were excised.
Flow cytometry and quantitative polymerase chain reaction
analyses revealed significantly greater CAR T-cell infiltration
in the combination therapy group compared to the CD19 CAR
T-cell monotherapy group (Figure 7C, D).

OVV-CD47nb-G1 enhances recruitment of immune cells
and antitumor efficacy by secreting more chemokines in
vivo

Eradicating systemic tumors is necessary for effective treat-
ment of lymphomas. In order to study this aspect, we estab-
lished a systemic tumor model by injecting Raji-luc cells into
NSG mice. After 5 days, the mice were given OVV, or OVV-hCD-
47nb-G1 (1x10” PFU) via intraperitoneal injection, and tumor
growth was tracked using bioluminescence imaging (Figure 8A).
Treatment with OVV-hCD47nb-G1 was much more effective,
leading to almost complete tumor regression in three of four
mice (Figure 8B). On day 14, mice receiving OVV or OVV-hCD-
47nb-G1displayed an average weight loss of 10.63% (+£9.25%)
and 10.03% (+£2.79%), respectively (Figure 8C). Forty-eight
hours following the injection, peripheral blood mononuclear
cells and serum were collected for fluorescence-activated
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Figure 5. hCD47nb-G1 activates stronger anti-tumor effects of macrophages and natural killer cells. (A, B) The effects of super-
natants of oncolytic vaccine virus (OVV), OVV expressing anti-human CD47 nanobody fused with the IgG1 Fc fragment (OVV-hCD-
47nb-G1), purified hCD47nb-G1 (5 ng/uL), and HU5F9-G4 (5 ng/uL) on phagocytosis of Raji cells by bone marrow-derived macro-
phages (BMDM) using flow cytometry (A) and confocal fluorescence microscopy (B). The supernatants were harvested from cultures
of Raji cells treated with viruses (4 multiplicity of infection) for 48 hours (h). (C) BMDM were co-cultured with Raji cells at a ratio

Continued on following page.
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of 2:1 with or without 5 ng/uL hCD47nb-G1 for 24 h, and then adhered BMDM were collected for quantitative reverse transcription
polymerase chain reaction analysis. (D) Raji cells were co-cultured with human natural killer (NK) cells at a ratio of 3:1 in the
presence of different concentrations of hCD47nb-G1 for 4 h, and then the cytotoxicity of NK cells was evaluated by a lucifer-
ase-based cytotoxicity assay. (E) The levels of tumor necrosis factor-a, interferon-y, and interleukin-10 in the supernatants of
co-cultures of NK cells and Raji were determined using Cytometric Beads Array, and the frequency of CD107a* CD56* NK cells was
also detected by flow cytometry. Comparisons were made using one-way analysis of variance with Tukey’s multiple comparison
tests. All data are shown as mean * standard deviation. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001; NS: not statistically signif-
icant (P>0.05). SSC: side scatter; PBS: phosphate-buffered saline; TNF-a: tumor necrosis factor-a; IFN-y: interferon-y; IL-10: in-

terleukin-10.

cell sorting and Luminex analysis. These analyses were con-
ducted to assess the binding of hCD47nb-G1 on tumor cells
in vivo and changes in cytokine and chemokine levels. In mice
treated with OVV-hCD47nb-G1, 21.74% (+11.49%) of Raji cells
were hCD47nb-G1-positive. (Figure 8D).

Heatmap analysis showed that mice administered OVV-hCD-
47nb-G1 had a distinct cytokine and chemokine expression
profile (Figure 8E). Serum levels of IL-2, IL-6, IL-10, CXC
motif chemokine ligand (CXCL)1, CXCL10, CXCL12, CC motif
chemokine ligand (CCL)3, CCL4, CCL7, CCL17, and CCL19
were significantly elevated in mice treated with OVV-hCD-
47nb-G1 compared to those receiving OVV or PBS. Compared
with the PBS control, there was a significantly higher level
of granulocyte-macrophage colony-stimulating factor and
several chemokines, including CXCL5, CXCL11, CXCL13, CCL5,
and CCL12, associated with the OVV-hCD47nb-G1 treatment,
whereas OVV treatment only raised the levels of CXCL10 and
CXCL12 (Figure 8F).

We next investigated the superiority of OVV-hCD47nb-G1 over
existing CD47-targeted therapies such as HU5F9-G4 in terms
of safety and efficacy. NSG mice bearing Raji cell xenografts
were treated with Hu5F9, OVV, and OVV-hCD47nb-G1 via
intraperitoneal injection (Online Supplementary Figure S5A).
The results demonstrated that OVV-hCD47nb-G1 exhibited
superior antitumor activity compared to both HU5F9 and OVV
(Online Supplementary Figure S5B), which translated into
significantly prolonged survival (Online Supplementary Figure
S5C). Notably, while both therapeutic agents showed inhibition
of hemoglobin, mice treated with OVV-hCD47nb-G1 displayed
a less pronounced decrease in hemoglobin levels compared
to those receiving HU5F9 (127.4+4.037 g/L vs. 120.6£4.336 g/L,;
P=0.0438). Additionally, HU5F9 treatment was associated
with reduced white blood cell counts (Online Supplementary
Figure S5D). Viral tracking through A56R expression revealed
detectable levels in the liver, spleen, lungs, and bone marrow
of virus-treated mice (Online Supplementary Figure S5E).

Discussion

High CD47 expression correlates with poor survival in newly
diagnosed DLBCL patients treated with R-CHOP, an effect
related to genomic alterations and an immunosuppressive
tumor microenvironment.®® Here we show that CD47 is
also a strong adverse prognostic biomarker in relapsed/

refractory DLBCL patients who received CD19-specific CAR
T-cell treatment.

Blockade of the CD47/SIRPa axis has been shown to en-
hance anti-B-cell lymphoma activities,**-*2 thus representing
a pillar for lymphoma immunotherapy either on its own or
integrated with other therapies. Currently, various combi-
nation treatments including anti-CD47 antibodies are being
investigated in clinical trials.?® A pilot study investigating
HU5F9-G4 in combination with rituximab (H + R) for treat-
ing B-cell non-Hodgkin lymphoma demonstrated excellent
results. The synergistic mechanism involves the Fc region
of rituximab, which enhances macrophage activity by pro-
viding a potent pro-phagocytic signal through stimulation
of antibody-dependent cellular phagocytosis.” Three-year
follow-up of this phase Ib/Il study showed that complete
response occurred in 12.1% (12/99) of DLBCL patients who
received H + R. Furthermore, the complete response rate
was 39% in 33 patients treated with H + R plus gemcit-
abine-oxaliplatin, indicating that this regimen has clinical
activity.®* However, anemia and thrombocytopenia were
common adverse events, which might result in low toler-
ated doses in clinical studies or treatment discontinuation,
thereby limiting the effects of these treatments on the
tumor.

Oncolytic viruses selectively target and destroy cancer cells
while largely sparing normal cells. This specificity arises
from their ability to exploit unique features of cancer bi-
ology, such as defective antiviral signaling or dysregulated
growth pathways. Furthermore, oncolytic viruses stimulate
innate immunity and convert immunologically “cold” tu-
mors (characterized by minimal immune infiltration) into
“hot” tumors by enhancing immune cell recruitment (e.g., T
cells, NK cells) and activating antitumor adaptive immunity.
These dual mechanisms - direct oncolysis and immune
modulation — position oncolytic viruses as compelling can-
didates for combination cancer immunotherapy.®® Instead
of combination treatment, encoding checkpoint antibodies
including anti-CD47 antibody by oncolytic viruses increases
local concentrations within the tumor microenvironment
while decreasing systemic exposure.??* In this study, we
first engineered an OVV expressing an anti-mouse CD47
nanobody (OVV-mCD47nb). This construct directly lyses
lymphoma cells through oncolytic activity and indirectly
enhances macrophage-mediated phagocytosis via secreted
nanobodies.
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Figure 6. OVV-hCD47nb-G1improves therapeutic efficacy against B-cell lymphoma in vivo. (A) SCID mice were inoculated with 5x108
Raji cells in the right flank on day 0 and the left flank on day 5. When the tumors of the right flank reached approximately 75 mm?,
mice (N=4) were intratumorally injected with phosphate-buffered saline, 1x108 plaque-forming units of oncolytic virus vaccine (OVV),
and OVV expressing anti-human CD47 nanobody fused with the IgG1 Fc fragment (OVV-hCD47nb-G1) once a week for a total of three
time. (B) Tumors in the right and left flanks were measured at the indicated times and calculated volumes are presented as growth
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curves. (C) Kaplan-Meier survival curves for Raji tumor-bearing mice. (D) Mouse body weight was monitored at the indicated times.
(E, F) Immunohistochemistry analysis of bilateral tumors was performed. Representative images are shown. Scale bars, 25 um. Com-
parisons were made using one-way analysis of variance with Tukey’s multiple comparison tests (B and D) on day 29, (E and F) on day
14, and the log-rank (Mantel-Cox) test (C). All data are shown as mean * standard deviation. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0007;
NS: not statistically significant (P>0.05). PFU: plaque-forming units; OV: oncolytic viruses; PBS: phosphate-buffered saline.
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Figure 7. Synergistic effect of OVV-hCD47nb-G1 and CD19-specific chimeric antigen receptor T cells. (A) Treatment timeline. NSG
mice were subcutaneously inoculated with 5x10¢ Raji cells. On day 7, the mice received intratumoral administration of 1x108
plague-forming units of oncolytic vaccine virus expressing anti-human CD47 nanobody fused with the IgG1 Fc fragment (OVV-hCD-
47nb-G1), followed by intravenous injection of 1x10” CD19 chimeric antigen receptor T cells or phosphate-buffered saline control
24 hours later. Tumor tissues were harvested on day 10 for quantitative reverse transcription polymerase chain reaction and flow
cytometry analysis (N=3). (B) Tumor volume dynamics. Average tumor volume in lymphoma-bearing mice across treatment groups
(N=5). (C) Immune cell infiltration in the tumor microenvironment. Representative flow cytometry plots of CD45*CD3"* cells stained
with anti-human CD45 and CD3 antibodies. (D) CD3 mRNA expression in tumors. Relative CD3 mRNA level in tumors treated with
CD19 chimeric antigen receptor T cells alone or in combination with OVV-hCD47nb-G1. Data were analyzed by one-way analysis of
variance with Tukey’s post hoc (multiple comparisons) test or Student’s t test (two-group comparison). *P<0.05, **P<0.01, ***P<0.001,
****P<0.0001, NS: not statistically significant. All values represent mean + standard deviation. i.t.: intratumoral; PFU: plaque-form-
ing units; OV: oncolytic virus; i.v.: intravenous; CAR: chimeric antigen receptor; PBS: phosphate-buffered saline.
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To facilitate clinical translation, we further developed a
humanized version of this platform: an OVV expressing an
anti-human CD47 nanobody fused with the IgG1 Fc frag-
ment (OVV-hCD47nb-G1). The hCD47nb fusion protein not
only potentiates macrophage activity but also engages NK
cells, thereby amplifying antilymphoma immunity. Nota-
bly, unlike HU5F9-G4, which induces hemagglutination,
hCD47nb-G1 binds to red blood cells without causing sig-
nificant agglutination, despite sharing similar red blood
cell-binding properties. While the mechanism underlying
this differential effect remains unclear and warrants fur-
ther investigation, our finding aligns with prior reports on
SRF231, a clinical-stage human anti-CD47 antibody that
exhibits antitumor efficacy without triggering red blood
cell phagocytosis or agglutination.®® Intratumoral admin-
istration of OVV-hCD47nb-G1 in a mouse model was well
tolerated, with no significant reduction in red blood cell
counts or hemoglobin. In contrast, systemic delivery, via
intraperitoneal injection, of both OVV-hCD47nb-G1 and
HuUu5F9 significantly decreased hemoglobin levels compared
to those in PBS-treated controls. Notably, the reduction
in hemoglobin in the OVV-hCD47nb-G1 group was less
pronounced than that caused by Hu5F9. These findings
indicate that OVV-hCD47nb-G1 represents a novel, potent,
and safe anti-CD47 combination therapy for lymphoma,
leveraging synergistic antitumor activity while mitigating
systemic hematologic toxicity associated with conventional
CD47-targeting agents.

The heterogeneous composition of the tumor microenviron-
ment critically influences DLBCL progression, with specific
immune subsets dictating clinical outcomes.**® Reduced
T-cell infiltration correlates with disease advancement,*
while low CD8* T-cell prevalence and elevated CD4/CD8
ratios predict poor survival.*® Prognosis further depends on
T-cell activation status, as patients with diminished CD3*
T cells and PD1* CD4*/CD8* cell populations exhibit short-
er survival.* Tumor-associated macrophages demonstrate
phenotype-specific impacts: M2 polarization associates
with inferior survival, contrasting with context-dependent
M1 effects.*? In our study, OVV or OVV-mCD47nb treatment
significantly increased infiltration of macrophages and NK
cells with macrophage polarization to the M1 phenotype
and activation of NK cells. Interestingly, only OVV-mCD47nb
significantly improved the infiltration of T cells in tumors,
expanding CD8* T cells while decreasing the CD4* T-cell
population. More importantly, OVV-hCD47nb-G1 exhibited
robust antitumor activity against B-cell lymphoma across
bilateral subcutaneous xenograft and systemic tumor mod-
els. In the bilateral tumor model, activated NK cells and
macrophage infiltration increased in both OVV-hCD47nb-G1-
and OVV-treated tumors and distant subcutaneous tumors,
with OVV-hCD47nb-G1 showing stronger biological effects
than OVV. These effects suggest that intratumoral virother-
apy elicited a systemic immune response.

The remodeling of the tumor microenvironment by OVV-hCD-
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47nb-G1 might enhance the efficacy of CAR T-cell therapy.
In this study, we demonstrated that combining OVV-hCD-
47nb-G1 with CD19 CAR T cells not only improved thera-
peutic outcomes in subcutaneous lymphoma models but
also overcame a critical barrier by significantly enhancing
CAR T-cell tumor infiltration. The strategy represents a
promising advance in cancer immunotherapy, warranting
further investigation.

Chemokines, chemotactic cytokines regulating immune cell
activation, migration, and function, play dual roles in pro-
and anti-tumor responses.**#* An important finding of this
study was that intraperitoneal administration of OVV-hCD-
47nb-G1induced a serum chemokine profile distinct from
that induced by OVV, with broader chemokine upregulation.
Among them, CCL2 and CCL4 were reported to be upregu-
lated by the anti-CD47 IgG1 monoclonal antibody secreted
by oncolytic viruses.** Oncolytic viruses armed with CCL5 or
CXCL10 enhanced NK cell accumulation in tumor lesions and
recruited CXCR3* T cells into the tumor microenvironment.*®
Similarly, CCL19-expressing OVV increased infiltration of T
cells and dendritic cells into tumors.*” Furthermore, intra-
tumoral delivery of CXCL11-expressing oncolytic viruses not
only elevated local CD8* T-cell numbers but also triggered
a systemic rise in tumor-specific IFN-y-producing CD8*
T cells in the spleen and lymphoid organs.*® Collectively,
these findings suggest that the ability of OVV-hCD47nb-G1
to induce chemokine release may underlie its efficacy as a
cancer immunotherapy.

Systemic delivery of oncolytic viruses is necessary for ef-
fective targeting of metastatic cancers.**%° In this study,
we employed immunodeficient NSG mice to evaluate the
therapeutic efficacy of intraperitoneal OVV-hCD47nb-G1
administration. While this model demonstrated antitu-
mor activity, its inability to effectively clear residual virus
post-treatment highlights the need for humanized mouse
models to investigate therapeutic outcomes under im-
mune-competent conditions in which rapid viral clearance
can occur. Furthermore, clinical translation of OVV-hCD-
47nb-G1 faces additional safety challenges, particularly
therapy-related adverse events such as toxicity mediated
by chemokine hyperactivation.

In summary, we have developed an OVV-based platform
capable of local and systemic delivery of an anti-human
CD47 nanobody fused with the IgG1 Fc fragment (hCD-
47nb-G1) that lacks hemagglutination properties for B-cell
lymphoma therapy. This multifunctional platform drives
antitumor responses through four synergistic mechanisms:
including direct oncolysis of tumor cells, Fc-mediated en-
hancement of innate immune cell cytotoxicity, recruitment
and activation of both innate and adaptive immune cells,
and immune checkpoint modulation in macrophages. By
integrating these features, our platform could overcome key
limitations of anti-CD47 monoclonal antibodies or conven-
tional OVV therapies, demonstrating translational potential
for improved clinical outcomes in B-cell lymphomas.
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Figure 8. OVV-CD47-G1 enhances the recruitment of immune cells and antitumor efficacy by secreting more chemokines in vivo.
(A) Experimental design: NSG mice were injected intravenously with Raji cells. At day 5, mice were randomly assigned to receive
phosphate-buffered saline, oncolytic vaccine virus (OVV), or OVV expressing anti-human CD47 nanobody fused with the IgG1 Fc
fragment (OVV-hCD47nb-G1) (1x107 plaque-forming units/mice, intraperitoneal injection) (N=4). (B) Luciferase activity of Raji-luc
cells was analyzed by bioluminescence imaging at the indicated day until day 19 (N=4). (C) Mouse body weight was monitored at
the indicated times. (D) At day 7, peripheral blood mononuclear cells were collected for analysis of hCD47nb-G1 binding on the
surface of Raji cells in vivo. (E) The heatmap demonstrates a distinct cytokine and chemokine expression profile in the OVV-hCD-
47nb-G1 group. (F) Serum levels of cytokines and chemokines in animals treated with phosphate-buffered saline, OVV and
OVV-hCD47nb-G1. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001; NS: not statistically significant (P>0.05). Comparisons were made
using one-way analysis of variance with Tukey’s multiple comparisons and Student’s t test. All data are shown as mean * standard
deviation. i.v.: intravenous; i.p.: intraperitoneal; PFU: plaque-forming units; OV: oncolytic viruses; PBMC: peripheral blood mono-
nuclear cells; PBS: phosphate-buffered saline; CXCL: CXC motif chemokine ligand; IL: interleukin; CCL: CC motif chemokine ligand;

GM-CSF: granulocyte-macrophage colony-stimulating factor.
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